We present new photometric observations of EP Cas, AK CMi, and FG Gem, which were obtained during the period from 2008 October to 2011 March using the 60 cm telescope at the Xinglong station. Several light-minimum times were determined, and orbital periods were revised. By using the 2003-version Wilson-Devinney code, photometric solutions of EP Cas, AK CMi, FG Gem, and DF Pup were deduced from multicolor light curves. The results imply that the four systems are Algol-type near-contact binaries (NCBs), whose less-massive components are filling their Roche lobes. With mass and angular-momentum loss, the separation between both components will decrease, and the primary will finally fill its Roche lobe. Algol-type NCBs of this kind, such as EP Cas, AK CMi, FG Gem, and DF Pup, may evolve into the contact configuration as a progenitor of a W UMa-type binary.
Introduction
EP Cas (= AN 222.1940) was photographically discovered to be a variable star by Ahnert (1942) . Romano (1958) classified it as aˇLyr-type eclipsing binary, and determined a period of 0.8134377 d. Its visual magnitude ranges from 11: m 2 to 12: m 3 (Malkov et al. 2006) . Based on some photographic and visual light-minimum times, Wood and Forbes (1963) deduced that its orbital period decreases at a rate of dP =dt = 0.52 10 9 d=cycle. Recently, Bradstreet, Sanders, and McClain (2010) published slightly asymmetrical light curves in the VR c bands, and derived a photometric solution with two cool spots on the larger component. The mass ratio of EP Cas is q = 0.0638(3), which is an extremely low value for a close binary. Bradstreet, Sanders, and McClain (2010) then concluded that the period fairly retained constant in the past 70 yr.
The light variability of AK CMi (= AN 310.1934) was reported by Hoffmeister (1934) , who identified it as a possible eclipsing binary. From the photographic light curve, Notni (1955) classified this star as an Algol-type binary with a period of P = 0.56589534 d, which was subsequently revised to be 0.56589638 d (Fuhrmann 1984) and 0.5658971 d (Kreiner 2004) . Samec et al. (1998) observed this binary and published UBV photoelectric light curves. Hegedüs (1988) regarded AK CMi as an eccentric eclipsing binary. The photometric model reveals that it is a near-contact, semidetached binary with a spectral type of A3 + K2. The mass ratio, q, and the filling factor of the primary, f 1 , are 0.648(4) and 0.85(15), respectively. From 33 yr data of the eclipsing times, Samec
The corresponding author. et al. (1998) derived a linear ephemeris and a downward quadratic ephemeris.
FG Gem (= AN 231.1943) was detected to be an eclipsing binary by Hoffmeister (1944) .
The orbital period is P = 0.81912814 d (Kreiner et al. 2001) . Its visual magnitude ranges from 11: m 6 to 12: m 6. Budding et al. (2004) catalogued it as a new candidate of Algol-type binaries with a spectral type of (F7) + [K3IV]. Pojmański, Pilecki, and Szczygiel (2005) published the All-Sky Automated Survey (ASAS) data with large scatter, which was analyzed by Liakos, Zasche, and Niarchos (2011) , who derived a semidetached configuration with a mass ratio of 0.41(3). Then, Jungbluth and Agerer (2008) photoelectrically observed this binary. Liakos, Zasche, and Niarchos (2011) suggested that a light-time orbit with a period of 16.9(3) yr possibly occurs in the O C curve, although this hypothesis may be identified by the third light, i.e., l 3 = 5%(˙2%).
DF Pup (= 2MASS J07535017 1940402) is an Algol/semidetached-type eclipsing binary with a period of 0.77145520 d (Kreiner et al. 2001) . Its spectral type is A7 + [G5IV]. The visual light varies between 12: m 7 and 14: m 0. Manimanis and Niarchos (2006) published the first complete BVRI light curves, and determined three light-minimum times. Up to now, no additional information about DF Pup has been published in the literature.
In this paper, we derived new photometric models and orbital periods of four selected binaries, i.e., EP Cas, AK CMi, FG Gem, and DF Pup, which were included in the catalogue of near-contact binaries (i.e., NCBs ; Shaw 1994) . This kind of the short-period Algol-type binary (Yang & Wei 2011) may be a link between the detached close binary (DCB) and the low-temperature contact binary (LTCB) (Yakut & Eggleton 
Observations and Data Reduction
New photometry of three eclipsing binaries (EP Cas, AK CMi, and FG Gem) was observed during the period between 2008 October and 2011 March using the 60 cm telescope at the Xinglong station of National Astronomical Observatories of China (NAOC). This telescope was equipped with a PI1024 camera having 1024 1024 square pixels. Each one subtends a projected angle on the sky of 0: 00 996, which results in an effective field of view of 17
0 . In the observing process, BVR filters were used. All observational images were reduced by using the IRAF in the standard fashion, including the bias and dark subtraction, the flat-field correction, and the differential extinction correction.
For three observed binaries, the coordinates of the comparison and check stars are listed in table 1. The exposure times were various for three objects based on the weather condition. Detailed dates of the observations are given in table 2. All individual data in the form of the heliocentric Julian dates versus the differential magnitudes (i.e., HJD and Δm) are tabulated in table 3 for EP Cas and AK CMi, and table 4 for FG Gem. The resulting photometric accuracy is smaller than 0: m 01 for each band. The complete light curves for EP Cas, AK CMi, and FG Gem are shown in figure 1 , where the phases were computed by the linear ephemerides given in table 2. In this figure, three eclipsing binaries possess B Lyr-type light curves.
3 Tables 3, 4, and 6 in the entirety are available only on the online journal of PASJ.
By using the K-W method (Kwee & van Woerden 1956) , several light-minimum times, listed in table 5, were determined from our new observations. Moreover, an additional primary eclipse of FG Gem was observed on 2011 January 19 by using the 85 cm telescope (Zhou et al. 2009 ) at the Xinglong station of NAOC.
Revised Orbital Periods
For four selected NCBs, many light-minimum times have been published in the literautre. The early eclipse times were accumulated by Kreiner, Kim, and Nha (2001) . After this, the light-minimum times were subsequently published in IBVS, AAVSO, BBSAG, VSOLJ, and other literature. Together with our new observations, we compiled complete data bases of the light-minimum times, which were used for revising the orbital periods. In the calculating process, we attached a weight of 1 to plate, visual, and photographic observations (i.e., "p", "vi", and "pg"), and 10 to photoelectric and CCD measurements (i.e., "pe" and "CCD").
EP Cas
We have collected a total of 185 light-minimum times, including 73 plate, 70 visual, 19 photographic, 10 photoelectric, and 13 CCD observations. These observations spread over 75 yr from 1936 to 2011 and are tabulated in table 6. Using the linear ephemeris given in table 2, we computed the residuals of O C , which are listed in table 6 and shown in figure 2(A). In this figure, there exists a much larger scatter up to +0.0308 for HJD 2428179.225 (Busch 1975) . Therefore, the orbital period of EP Cas appears to be fairly constant (Bradstreet et al. 2010) . A weighted least-squares method led to the following ephemeris:
Photometric Models of Near-Contact Binaries 45-3 where the standard error in a parenthesis is in units of the last decimal place. We could calculate the final residuals, which are listed in the seventh column of table 6. The revised ephemeris, equation (1), is shown by a solid line in figure 2 (A).
AK CMi
Based on 33 yr eclipsing times of AK CMi, Samec et al. (1998) derived a downward quadratic ephemeris with a period decrease at a rate of dp=dt = 5.7 10 8 d yr 1 , which was interpreted by angular-momentum loss via stellar wind. This result may be due to the incomplete data base. We then collected 309 light minimum times (i.e., 1 photographic, 236 visual, 7 plate, 10 photoelectric, and 55 CCD measurements), which are listed in table 6. Those observations span over 84 yr from 1928 to 2012. By using Samec et al. (1998) The final residuals for those light-minimum times are also tabulated in table 6. The revised period of 0.56589669 d is smaller than the derived value of 0.5658969 d (Samec et al. 1998) , which implies that its orbital period may be decreasing. In figure 2(B) , the solid line was constructed from equation (2).
FG Gem
Liakos, Zasche, and Niarchos (2011) assumed that there possibly exists a light-time orbit with a period of 16.9(3) yr. Due to the long gap between 1950 and 1975 for the eclipsing time, they commented that a high eccentricity of 0.8(2) is still questionable. In order to revise the orbital period, we collected all available light-minimum times (i.e., 1 photographic, 39 visual, 13 plate, and 29 CCD data), which are listed in table 6. The O C diagram in figure 2(C) was constructed by using a linear ephemeris given by Kreiner, Kim, and Nha (2001) . In this figure, the orbital period of FG Gem did not appear to show a quasi-sinusoidal variation. Therefore, a linear least-squares method yielded the following formula: 
The O C values and the final residuals are also listed in table 6. The updated ephemeris, equation (3), is shown by a solid line in figure 2(C).
DF Pup
For DF Pup, we collected 13 photographic, 19 visual, and 5 CCD light minimum times, which are tabulated in table 6. By using the linear ephemeris (Kreiner et al. 2001) , the residuals O C were computed, and are also listed in table 6, and shown in figure 2(D). In this figure, there exists a long gap between 1933 and 1979. In the same way as the previous analysis for FG Gem, we obtained a new linear ephemeris for DF Pup, as follows:
Min.I = HJD 2426087:2363.30/ + 0:77145537.13/ E:
No. 2]
Photometric Models of Near-Contact Binaries 45-5 The final computed residuals are also listed in table 6. Equation (4) is shown by a solid line in figure 2(D).
Modeling Light Curves
New photometric observations of EP Cas, AK CMi, and FG Gem are shown in figures 1(A), 1(B), and 1(C), while BVRI light curves of DF Pup (Manimanis & Niarchos 2006) are in figure 1(D) . Photometric models of four selected NCBs were constructed by using the 2003 version of the W-D Code (Wilson & Devinney 1971) , including the stellaratmosphere model (Kurucz 1993 ) and a detailed reflection treatment (Wilson 1990 ). In the process of modeling light curves, four steps are as follows: (1) determining the effective temperature of T 1 ; (2) adopting fixed parameters, i.e., albedos coefficients A 1 = 1.0 and A 2 = 0.5 (Ruciński 1973) , gravity darkening coefficients g 1 = 1.0 (von Zeipel 1924) and g 2 = 0.32 (Lucy 1967) , and logarithmic bolometric (i.e., X and Y ) and monochromatic (i.e., x and y) limb-darkening coefficients (van Hamme 1993); (3) choosing adjustable parameters (i.e., i, q, T 2 , Ω 1 , and L 1 ); (4) performing the q-search procedure to obtain a feasible mass ratio thanks to no doubleline spectroscopy. The calculation starts with Mode 2 (i.e., detached configuration), and then always converges on Mode 5 (i.e., semidetached one with the secondary filling its lobe).
EP Cas
Bradstreet, Sanders, and McClain (2010) deduced a spotted photometric solution from their asymmetric light curves. From the Simbad database, 4 the color indexes of EP Cas are B V = 0.03 and J H = +0.045, which correspond to temperatures of 9880 K and 8300 K (Cox 2000) , respectively. Then, we adopted a mean value of T 1 = 9090 K, which is a bit smaller than 11000 K (Bradstreet et al. 2010) . A total of 1413 and 1374 observations in the VR bands were photometrically analyzed. The result of a q-search is shown in figure 3(A) , where a minimum value occurs at a mass ratio of q = 0.75. The mass ratio was then included as a free parameter. There exists a small hump in the VR light curves at the phase between 0.50 and 0.60 in figure 1 (A) . Therefore, we assumed a hot spot on the primary component with a fixed colatitude of = 90 ı , which may result from the mass transferring from the secondary one. After some iterations, we obtained a final photometric solution, which is listed in table 7. Three other parameters of the hot spot are the latitude, Â = 130 ı (3), the angular radius, = 9 : ı 2(1), and the temperature factor, T s =T = 1.40(4). The mass ratio of q = 0.750(10) is larger than the derived mass ratio of q = 0.0638(3) (Bradstreet et al. 2010 ). The theoretical light curves are shown by solid lines in figure 1(A) . The distorted light curves may be attributed to a hot spot on the primary, whose area is 0.6% of its surface area. This kind of hot spot may occur in other Algol-type NCBs, such as AV Hya and DZ Cas (Yang et al. 2012) . Samec et al. (1998) published BVR light curves, and derived a semidetached photometric solution with a mass ratio of 0.648(4). The mean effective temperature is chosen as T 1 = 8530 K (Samec et al. 1998 ). New multicolor data (i.e., 510 in the B band, 517 in V , and 517 in R) were simultaneously modeled. The q-search is shown in figure 3 (B) by a diagram of the mass ratio versus the sum of squared residuals. The mass ratio was then considered as an initial parameter for the final iteration. A final solution is given in table 7. The mass ratio of q = 0.370(2) is smaller than the value of q = 0.648(4) (Samec et al. 1998) , which may result from the normal points. The computed light curves are shown by solid lines in figure 1(B) , which evidently fit with observations.
AK CMi

FG Gem
Based on the ASAS V -band data (Pojmański et al. 2005 ), Liakos, Zasche, and Niarchos (2011) preliminarily obtained a photometric solution, with a mean effective temperature of T 1 = 7700 K for the primary component. A total of 1821 observations (i.e., 607 in the B band, 612 in V , and 602 in R) were used for deducing a photometric solution. The results of the q-search are shown in figure 3(C) , where the minimum sum of squared residuals was found to be around q = 0.45. Considering the mass ratio as a free parameter, we obtained the best-fit photometric elements, which are tabulated in table 7. The synthesis light curves are shown in figure 1(C) . The final mass ratio of q = 0.450(3) is a bit larger than the value of Manimanis and Niarchos (2006) first published the BVRI complete light curves for DF Pup, which were analyzed to derive a photometric solution. Based on the spectral type of A7, the effective temperature for the primary component is estimated to be T 1 = 7830 K (Cox 2000) . The q-Σ curve is shown in figure 3(D) , where a minimum value of the sum of squared residuals was achieved at q = 0.55. The mass ratio of around 0.55 was then used as an adjustable parameter. After some iterations, the final solutions were obtained, and are listed in table 7. The mass ratio and orbital inclination are 0.543(2) and 84: ı 9(1), respectively. The theoretical light curves are shown by solid lines in figure 1(D).
DF Pup
Discussions
Photometric solutions imply that EP Cas, AK CMi, FG Gem, and DF Pup are Algol-type NCBs. The four binaries resemble other binaries in light curve, such as RZ Dra (Yang et al. 2010 ), GW Gem (Lee 2009) , and BF Vel (Manimanis et al. 2009 ). The secondary component is filling its Roche lobe, while the primary one is inside. The filling factor of the primary is defined as f 1 = R 1 =R L , where R L is the volume radius of its Roche lobe. R L =a is a function of mass ratio, q, given by Eggleton (1983) 's formula, 
where a is the separation between components. Using the photometric solutions, we can calculate the values of f 1 for four selected binaries, which are listed in table 7. Therefore, four selected eclipsing binaries are FO Vir-type systems (Shaw 1990 ).
Since no spectroscopy of the radial velocity nor the mass function is yet available, we cannot determine the elements of binary. Based on their spectral types, i.e., A3V for AK CMi and A7 for DF Pup, the masses of their primaries were estimated from tables of Cox (2000) . Meanwhile, M 1 = 2.7 Mǒ f EP Cas was deduced from its color index of B V = 0.03. According to an effective temperature of FG Gem of [Vol. 65, In this table, some symbols are bolometric limb-darkening coefficients X 1;2 and Y 1;2 , monochromatic limb-darkening coefficients x 1 ;2 and y 1 ;2 , surface potentials Ω 1;2 , relative radii r 1;2 . The subscripts of "1" and "2" represent star 1 and star 2, respectively. T 1 = 7700 K (Liakos et al. 2011) , the spectral type and mass of the primary may be A7 and M 1 = 1.8 Mˇ, respectively. Using the relations M 1 + M 2 = 0.134a 3 =P 2 and L / R 2 T 4 , we can determine the other parameters after inserting the values of q, P , and M 1 in the relation. The absolute parameters of four eclipsing binaries are listed in table 8. The massluminosity diagram (i.e., M -L) is shown in figure 4 , where open and filled circles represent the primaries and the secondaries of NCBs, respectively (Yakut & Eggleton 2005) . The solid and dotted lines refer to the zero-age main sequence (ZAMS) and the terminal-age main sequence (TAMS), respectively, which were constructed by the binary-star evolution code (i.e., Hurley et al. 2002) . It is found that the moremassive components are on the ZAMS line, indicating that the primaries are main-sequence stars. Meanwhile, the lessmassive components, except for EP Cas, lie above the TAMS line, implying that the secondaries are oversized and overlumious. Therefore, the less-massive components may be somewhat evolved stars. Yakut and Eggleton (2005) proposed that DCBs slowly evolve through Algol-type NCBs into LTCBs. In the evolutionary process, there exist mass loss (ML) by binaryenhanced stellar wind and angular-momentum loss (AML) by magnetic breaking. With ML and AML from the binary system, the separation between components may decrease, which may cause the inner and outer critical Roche lobes to shrink. Finally, the primary will fill its Roche lobe. This kind of short-period Algol-type NCBs may be situated in an immediate stage evolving from a detached configuration to a contact configuration. Therefore, four selected binaries (EP Cas, AK CMi, FG Gem, and DF Pup) may evolve into contact configurations as progenitors of W UMa-type binaries. In the future observation, it is desirable to determine the absolute parameters by spectroscopy and photometry.
